88 understand how surface fuel loads differ among remotely-sensed forest severities in these forests, 89 we quantified differences in surface fuels remaining in plots that burned at different severities 90 and tested for differences in fuel loads between burned and unburned plots. This case study 91 provides baseline fuel loads one year after the Boulder Creek fire. The study established 92 permanent sample plots to be revisited in the future to document post-fire surface fuel dynamics. (Hamann et al. 2005 (Hamann et al. 2005 ).
114
The region surrounding the study area is prone to coarse-scale disturbances including 115 seismic activity, landslides, avalanches, and floods (Green et al. 1988 ). However, wildfires are 116 relatively rare, depending on the dominant vegetation of the area. Forests in the CWHms1 variant 117 are classified as Natural Disturbance Type 2, with infrequent mixed severity or stand-replacing 118 fires at mean intervals of 200 years (BCMOF and BCMOE 1995; Daniels and Gray 2006) . At 119 high elevations in the region, the forests are classified as Natural Disturbance Type 1, with mean 120 fire return intervals of 350 years (BCMOF and BCMOE 1995) . Wildfires above 3 000 ha are rare 121 in the coastal fire zone of BC. When large fires (>200 ha; Stocks et al. 2002) Figure 2) . A second fuels transect was established at a 90 degree angle from the first transect.
157 Using the line intercept method (Thompson 2012) , large CWM (> 30 cm in diameter) was 158 measured along the entire transect, medium CWM (7.5-30 cm in diameter) was measured on a 159 total distance of 20 m, from 0-10 m and 20-30 m. For both large and medium CWM fuels, we 160 recorded diameter at the point of intersection (cm), the angle at which the piece was tilted 161 (degrees), and the distances along the transect (m). For each piece of wood, we recorded the 162 species, if discernable, and assigned a decay class (1 -5) (Maser et al. 1979 ). We did not assess 163 the scale to which each piece was burned. For all analyses, we combined the large and medium 
167
In each plot, we collected FWM fuels (< 1.0 cm in diameter) in 30 x 30 cm quadrats, 168 established at the beginning and end of both transects. Using a sampling frame, all FWM pieces 169 were collected and clippers were used to cut any pieces that straddled the frame border. Roots 170 and stems still attached to the ground were not collected. The samples were then dried at 70˚C 171 until they reached constant mass, and dry weight biomass (g) was recorded.
172
For the purposes of this study, we defined litter as all non-woody plant material such as 173 foliage and cones (Keane 2015) (Keane 2015) . The depths of the duff and litter layers above the 178 mineral soil were measured to the nearest millimeter at 10 and 20 m along both transects in each 179 plot and in each FWM quadrat (Brown 1974; CFIC 2008) . If there was no apparent duff or litter 180 or if the measurement point intersected rock or fallen logs, the depths were recorded as zero. To 181 estimate duff and litter bulk density, a 10 x 10 cm sample of the duff and litter was taken from 182 each plot, where possible, and the depth of the sample was measured. To record dry weight 183 biomass (g), each duff/litter sample was dried at 70˚C until it reached constant mass. . We converted volume to biomass using bulk density 209 averages reported by .
210
Duff and litter fuel carbon mass were calculated from the measured depth and estimated 211 mean density values. To estimate the mean density value, the volume of each sample collected in 212 the microplot was calculated and divided by the dry weight. The volume of the duff and litter 213 layer was calculated for an area of one hectare with the average duff and litter depths used as 214 height. To obtain biomass per ha, this volume was multiplied by the density.
215
To obtain carbon mass for woody fuels, the biomass values in megagrams per hectare 216 (Mg ha -1 ) were multiplied by 0.5, a standard conversion factor for woody fuels (Campbell et al. 217 2007) . The same conversion constant was used for litter, as the proportion of carbon in fresh 218 Douglas-fir and western redcedar litter has been found to be approximate 50% (Moore et al. 219 2006) . Decayed fuels such as duff typically contain a smaller proportion of carbon-220 approximately 39% for Douglas-fir and 45% for western redcedar forests 
235
The most common overstorey species was Douglas-fir, followed by western hemlock and 236 western redcedar, with scattered stands of black cottonwood and amabilis fir in the unburned 237 areas. Plot elevation ranged from 432 -1 065 m, with a minimum slope of 0% and a maximum 238 of 80% (Table 1) . With a mean elevation of 857 m, plots that burned at low-severity had the 239 highest elevation (Table 1) . Moderate-severity plots had the steepest slopes overall, with mean of 240 48% (Table 1) . Low-and moderate-severity plots were typically found on southwest slopes, 241 whereas most unburned plots and high-severity plots were south-facing. Thirty-nine and 32% of 242 the fire area were classified as high-and moderate-severity, respectively. Low-severity and 243 unburned classes covered 10% and 19% of the fire, respectively (BC MFLNRO 2016). In 244 moderate-and high-severity plots, most of the overstorey trees were killed, leaving minimal 245 living plant material. In moderate-severity plots, dead foliage was often still present on branches, D r a f t 13 246 whereas most foliage and fine twigs were consumed in high-severity plots. The impact of fire on 247 low-severity plots was more variable, with minimal, patchy overstorey mortality.
248
Seven out of 37 plots had been clearcut within 7 years prior to the Boulder Creek fire, 249 and all burned at low-(n=5) or moderate-severity (n=2). We initially performed the analyses 250 with and without the logged plots and compared the results that only showed minor differences 251 (Peterson 2018) . Therefore, all 37 second-growth plots measured were included in all presented 252 analyses.
253
The Boulder Creek fire burned large areas of managed second-growth forests that have 254 experienced several logging operations as well as a run-of-the-river hydroelectric project (V.
255 Woodruff, personal communication, 2016) , with few scattered old-growth management areas.
256 One moderate-severity plot was found to be old-growth, with several large Douglas-fir trees that 257 were approximately 1 m in diameter at breast height DBH in size. Because the rest of the plots 258 were second-growth stands, we excluded the old-growth plot from further analyses as it was not 259 representative of second-growth forests, our population of interest. During field sampling we 260 found that the remote sensing information misclassified one plot as unburned when there was 261 clear evidence of a low-severity fire. This plot was treated as low-severity in the analyses. Table 2) . While the differences 271 were not significant, there were decreases in carbon mass in several of the examined fuel types 272 leading to an apparent decrease in total fine fuel carbon mass between burned and unburned 273 plots, with minimal differences between low-, moderate-, and high-severity ( Figure 3 ; Table 2 ).
3.2 Woody fuels

275
While not statistically significant, CWM carbon mass was higher in low-and high-276 severity plots compared to unburned plots (Table 2) . Moderate-severity plots had significantly 277 less CWM carbon mass than low-severity plots (p = 0.0365; Figure 3e ). Both SWM and FWM 278 did not differ significantly among any severity classes (p ≥ 0.77 and 0.21, respectively). There 279 was also no significant difference between burned and unburned plots in these fuel types (SWM 280 p = 0.296, FWM p = 0.3674). However, FWM carbon mass decreased as fire severity increased 281 ( Figure 3c ). Like CWM, SWM fuel carbon mass at moderate-severity differed from low-, and 282 high-severity, however in the opposite way, with more carbon mass at moderate-severity 283 compared to low-and high-severity plots. These differences were not statistically significant.
3.3 Non-woody fuels
285
For both duff and litter, there were significant differences in carbon between burned and 286 unburned plots (p < 0.0196) as well as among fire severity classes (p < 0.0257) ( Table 2 ). Litter 287 decreased as fire severity increased, with significantly less litter carbon mass on moderate-and 288 high-severity plots compared to unburned plots (p < 0.0196; Figure 3a ). High-severity plots also 289 had less litter carbon than low-severity plots (p = 0.0002). However there were no significant 
299
The results of this study clearly indicate the limitations of using remotely-sensed fire 300 severity classification for surface fuels. Fire severity is defined as the immediate impact of fire 301 on fuels (Keeley 2009 ), however in several fuel types we found no differences among carbon 302 mass in different fire severity classes. We used Landsat delta normalized burn ratio (dNBR) 303 derived fire severity classes for our study, which were not validated in the field prior to 304 sampling. These remotely-sensed fire severity classes rely on changes in forest canopy to 305 determine severity levels (Eidenshink et al. 2007 ). Stand-replacing disturbances, such as high-306 severity fires, are easy to discern using Landsat imagery, but disturbances that do not result in 307 stand replacement can be more difficult to distinguish from normal variations in spectral indices 308 (Cohen et al. 2018 ). Due to this uncertainty, along with the lack of ground-truthing, it is possible 309 that some of our plots were assigned to an incorrect fire severity class, especially in the areas 310 where mixed-severity fire caused uneven tree mortality and carbon consumption. In particular, 311 moderate-severity areas can be a major source of errors as they often occur in thin bands 312 surrounding high severity patches, making them difficult to discern on a larger scale (Miller et al. 313 2009) . It is also likely that the crown fire severity was accurately assessed by the dNBR metrics, 314 however the impact of wildfires on tree crowns may not be equivalent to the impacts of wildfire 315 on the forest floor. Because Landsat-derived fire severity classes are based on changes in tree 316 crowns, changes in the forest floor and surface fuels may not be fully captured (Alonzo et al. 317 2017) potentially leading to the observed lack of significant differences in fuel carbon mass 318 across fire severity classes. Evidently, ground-based fire severity measures would be optimal for D r a f t 18 319 future studies of post-fire surface fuels and the relationships between crown fire severity and 320 surface fire severity.
321 4.2 Pre-fire drivers of fire severity 322 Topography is a possible driver of fire severity, as steeper slopes could be more likely to 323 burn at low-or moderate-severity (Bigler et al. 2005) , partly consistent with our findings that 324 moderate-severity plots were the steepest on average. Topography also plays an important role in 325 stand structure and species composition (Harris and Taylor 2015) , suggesting that our moderate-326 severity plots may have differed from plots in the other remotely-sensed fire severity classes or 327 the control group, even before the fire occurred. However, without pre-fire data this is 328 impossible to determine. Overall, the possible impacts of topography and forest type on fire 329 severity demonstrate the need for pre-fire data. The permanent sample plots established in this 330 study will provide pre-fire data for any future reburns that may occur within the Boulder Creek 331 fire boundary.
332
All measurements for this study were taken post-fire and pre-burn data were unavailable.
333 Due to this, it is impossible to know whether control plots and plots across the three fire 334 severities were comparable with regards to pre-fire fuel carbon. Our unburned plots had more 335 deciduous trees than plots that burned at any severity, suggesting that there are differences in 336 species composition that could have led to differences in fire behaviour, as different forest stands 337 have different degrees of flammability (Alexander et al. 2012) . Mixed-conifer forests often burn 338 at high-severity due to their tendency of growing densely with several canopy layers (Prichard 339 and Kennedy 2014) . In contrast, deciduous forests can often be less flammable than conifers 340 (Chapin et al. 2008) . It is possible that our plots burned at different severities, or did not burn at 341 all, due to pre-fire differences in stand characteristics, making post-fire comparisons difficult.
364 areas, possibly due to pre-fire differences in snag fall rates, and differences in mortality rates 365 between slopes and low-lying areas.
366
Much of the Boulder Creek region is covered by second-growth forest that had been 367 logged in the late 1900s. Logging can alter the amount of surface fuels (Tinker and Knight 368 2000) , increasing the amount of fine and coarse woody fuels, leading to changes in the fire risk 369 and flammability of the stand (Donato et al. 2006; Lindenmayer et al. 2009 ). Changes in surface 370 fuels can also increase the short-term risk of burning in the adjacent, less flammable stands 371 (Lindenmayer et al. 2009 ). For future research, it would be beneficial to incorporate forest 372 management practices into fire area stratification for plot selection, in addition to severity and 373 forest type, for a better understanding of the interacting disturbances across the landscape.
4.4 Post-fire carbon accumulation
375
In this study, duff carbon was significantly lower in low-severity compared to unburned 376 plots, but the same was not the case for litter carbon. This was unexpected as litter is typically 377 consumed at a higher rate than duff (Campbell et al. 2007 ). The similarities in litter fuel carbon 378 mass between unburned and low-severity plots could be explained by post-fire accumulation.
379 Litter carbon in low-severity plots would have accumulated in the year after the Boulder Creek 380 fire prior to measurement. Litter from scorched and dead trees as well as herbaceous understorey 381 growth can accumulate quickly post-fire (Agee and Huff 1987; Dunn and Bailey 2015) , but duff 382 accumulation may not begin to occur for five to 10 years after a fire (Dunn and Bailey 2015; 383 Eskelson and Monleon 2018) . A low/moderate-severity fire may have consumed all of the duff 384 and litter but may not have climbed to the crowns (Campbell et al. 2007) . Therefore, the fire may 385 have killed the trees but not consumed the foliage, which would remain to become litter input in 386 the year post-fire. 169x254mm (300 x 300 DPI)
